[1] The Mesozoic, perhaps the longest period of warmth during the Phanerozoic Earth history, has been repeatedly affected by short-lived cold interludes lasting about one million years. While the origin of these cold snaps has been classically attributed to a temporary atmospheric CO 2 drawdown, quantified mechanisms explaining these instabilities of the carbon cycle are still lacking. Based on a climate carbon cycle model, we show that the general demise of carbonate platforms accompanying these short-lived cold interludes is a powerful mechanism capable of generating a fast atmospheric CO 2 decrease and a moderate sea level drop associated with ice sheet buildup. The temporary nature of the carbonate production decline explains the relative short time of these cold events but makes it possible to account for ice sheet waxing and waning.
Introduction
[2] Transitions from greenhouse to icehouse conditions have been intensively studied, particularly with the renewed interest in the conditions leading to the Neoproterozoic glaciations [Hoffman et al., 1998 ] as well as for those triggering the inception of ice sheets over Gondwana during the PermoCarboniferous [Horton et al., 2007] and over Antarctica across the Eocene-Oligocene boundary [Coxall et al., 2005; DeConto and Pollard, 2003; Merico et al., 2008] . Although the state of the Earth system is very different for each ice age, atmospheric CO 2 level drawdown is commonly required to explain the long-term general cooling trend to initiate glaciation. Transitions from a high CO 2 world to a low CO 2 world are often ascribed to a permanent increase in silicate weathering resulting, for example, from the breakup of the Rodinia supercontinent for the Neoproterozoic cool period [Donnadieu et al., 2004] or from the widespread appearance of land plants for the Permo-Carboniferous cool period [Berner, 1997] . Mesozoic cold interludes are completely at odds with classical ice age theory because they are not associated with any long-term global cooling trend and last for about one million years [Dromart et al., 2003b; McArthur et al., 2007; Steuber et al., 2005] . These events challenge our knowledge of the Earth system because they require the identification of nonpermanent processes capable of triggering climatic cooling for a short time period.
[3] In this contribution, we focus on the Middle Late Jurassic Transition (MLJT) about 160 Ma ago [Dromart et al., 2003a] . A short-lived drop in seawater temperature around the Callovian-Oxfordian transition has been identified using the oxygen isotope composition of shark tooth enamel, belemnite rostra and bivalve shells from Tethyan and sub-Arctic domains [Dromart et al., 2003b; Brigaud et al., 2009; Price and Rogov, 2009; Nunn and Price, 2010] . Although the influence of local paleoceanic changes implying cool water influxes cannot be completely excluded [Wierzbowski and Rogov, 2011] , other independent proxies support the climatic interpretation for a cooling trend: (1) palynological and clay mineral data indicating that continental air became markedly cooler in north Europe hinterlands [Abbink et al., 2001; Pellenard and Deconinck, 2006] , (2) successive southward invasions of boreal ammonite families in the NW Tethyan domains [Thierry et al., 2006] and (3) a local CO 2 minimum [Royer et al., 2004] located at the MLJT in the proxy record of CO 2 . During the Callovian and Oxfordian periods, perturbations in the carbonate deposition pattern occur [Dromart et al., 2003a] as evidenced by shrinkage of the latitudinal extent of carbonate platforms followed by a general demise of carbonate platforms deposition. By the end of the Early Callovian, carbonate platform deposition had ceased on the midlatitude platforms located above 25°(i.e., West Europe and East Africa) and was confined to low latitudes. Finally, low-latitude platforms experienced a short shutdown of production in the latest Callovian, correlative in time with the cooling.
[4] Here, we investigate the climate-carbon cycle behavior during the Middle-Late Jurassic Transition using a general circulation model with coupled components for atmosphere, ocean, cryosphere and biogeochemical cycles of C, O and P [Donnadieu et al., 2006] . We force our climate-carbon model (b) Changes in atmospheric CO 2 content. Note that the first collapse is more diluted in times than the second one based on geological data. Nevertheless, the effect remains the same when increasing the time for the collapse (see dashed curve). (c) Changes in the burial flux coming from tropical and subtropical platforms. Note the remaining flux of the tropical shallow carbonate platform during the crisis (i.e., 20% here). We have also plotted the mean saturation state. (d) Distribution of the carbonate species. (e) Changes in sedimentary calcium carbonate burial fluxes. The black curve represents the neritic platform carbonate burial flux, the red curve represents the pelagic shelfal carbonate burial, and the green curve represents "abiotic" carbonate production flux (see text). Note that the neritic/global carbonate production ratio is 65% in this run. Platform collapse lasts for 1 million years; 20% of the preperturbation platform burial flux is conserved during the crisis in order to account for the likely possibility that carbonate platforms still exist in specific environments.
with geological evidence of the evolution of carbonate production in the mid and low latitudes [Dromart et al., 2003a [Dromart et al., , 2003b .
Methods

General Settings
[5] To test the influence of these perturbations in the carbonate factory on atmospheric CO 2 and climate, we carried out a suite of simulations with the GEOCLIM model [Donnadieu et al., 2006 [Donnadieu et al., , 2009 Godderis et al., 2008] . The numerical model GEOCLIM couples a 3D general circulation model (FOAM) to a model of the biogeochemical cycles of carbon, alkalinity, oxygen and phosphate (COMBINE) (see Donnadieu et al. [2006] for a full description). The COMBINE model has been upgraded since its original version [Godderis and Joachimski, 2004] . The geometry of the ocean has been changed, and the model now includes 9 oceanic boxes divided into, 2 high-latitude oceans (each including a photic zone and a deep ocean reservoirs), a low-to middle-latitude ocean (with a photic zone, thermocline and deep oceanic reservoirs) and an epicontinental sea (with a photic zone and a deep epicontinental reservoirs), and one box for the atmosphere. Exchange water fluxes between boxes are tuned to fit the present-day vertical distribution of the oxygen, DIC and alkalinity in the low-to-middle-latitude ocean. The atmospheric component of FOAM is a parallelized version of NCAR's Community Climate Model 2 (CCM2) with the upgraded radiative and hydrologic physics incorporated in CCM3 v. 3.2. The atmosphere runs at R15 spectral resolution (4.5°× 7.5°) with 18 levels. We use FOAM in mixed-layer mode, i.e., the atmospheric model is linked to a 50 m mixed-layer ocean, which parameterizes heat transport through diffusion, mainly for computation time considerations. A full coupling between COMBINE and FOAM cannot be achieved owing to excessive computation times. Hence we adopt an indirect coupling that employs lookup tables from a catalog of simulations. For a given paleogeography we run a suite of FOAM experiments (30 years for each to reach the steady state) in which the only factor that varies is atmospheric CO 2 . Atmospheric CO 2 is tested over a range from 4200 to 200 ppm, which covers all plausible atmospheric CO 2 content for the Mesozoic time period. We linearly interpolate between experiments to obtain climatic variables (temperature and runoff) for any CO 2 value within our CO 2 range. These climatic parameters allow the calculation of the weathering rates within the 1920 grid elements using weathering laws linking climatic factors (temperature and runoff) to CO 2 consumption through silicate weathering. We want to emphasize here that phosphorus flux from the continents are also calculated through the climatic dependency of the continental weathering. Fixing the CO 2 degassing to a given constant value, the numerical feedback loop between FOAM and COMBINE is run until a steady state PCO 2 is reached. Each continental configuration is thus finally characterized by a steady state atmospheric PCO 2 . The MLJT land-ocean distribution used here is derived from a synthesis of paleomagnetic data, hot spot tracks and geologic constraints [Besse and Courtillot, 2002; Dercourt et al., 1993] . Surface types are set to average model surface characteristics (i.e., deciduous forest) and the Earth's orbit around the Sun is circular (eccentricity = 0) and the Earth's obliquity is 23.5°(this setting leads to an equal annual insolation for both hemispheres). Solar luminosity is assumed to evolve through time according to the stellar evolution models [Gough, 1981] . As described by Donnadieu et al. [2006] , the long-term steady state atmospheric CO 2 level characterizing the Middle Jurassic paleogeography is 700 ppm (see Figure 1 also) . In other words, 700 ppmv of CO 2 are required in the Middle Jurassic for the calculated silicate weathering to balance the prescribed solid Earth degassing. Note that because there is no consensus about the Earth degassing rate for the last 200 million years, we choose to keep it constant at its present-day value, assuming (a) Atmospheric CO 2 simulated in GEOCLIM zoomed on the 3.5-5 Ma period corresponding to the Middle Late Jurassic Transition. Black, red, and green solid lines represent results for a percentage of total carbonate burial originating from neritic platform like producers being 40, 65, and 85%, respectively. Twenty percent of the preperturbation carbonate platform burial flux is conserved during the crisis for these runs. Top and bottom dashed lines of the same color represent runs in which 40 and 0% of the preperturbation carbonate platform burial flux is conserved during the crisis. Blue lines come from a run in which settings are the same as those from the red lines except the duration of the crisis that is diminished to last 100 kyr. (b) Sea level fall simulated using the GRIZZLI model forced by GEOCLIM output. Color codes remain the same as those described in Figure 2a . Blue areas denote CO 2 ranges for which the sea level fall is found to be around 12, 34, and 58 m.
the present-day equality between CO 2 consumption by continental silicate rock weathering (6.8 × 10 12 moles CO 2 /yr today [Gaillardet et al., 1999] ) and CO 2 degassing. In contrast to previous investigations of the past climatic and geochemical evolution of the Earth system with the GEOCLIM model, GEOCLIM is run dynamically in this study. This means that the long-term steady state of the carbon cycle, requiring the close balance between silicate weathering and solid Earth degassing, is not prescribed. Over the course of the simulation, and depending on the dynamics of the alkalinity, and organic and inorganic carbon cycles, significant departures between silicate weathering and solid Earth degassing are calculated [Walker et al., 1981] .
[6] We use the GRISLI ice sheet model (ISM) to reconstruct ice sheet topography during the MLJT. GRISLI simulates the dynamics of grounded ice as well as ice shelves and ice stream regions. Inland ice deforms according to the stress balance using the shallow-ice approximation. Ice shelves and dragging ice shelves (ice streams) are described following MacAyeal [1989] . This 3-D model has been developed and validated over Antarctica by Ritz et al. [2001] . Ritz et al. [2001] provide a comprehensive description of the model. Three data sets are used from the FOAM simulations as the input to the GRISLI model: surface temperature from the hottest month, mean annual temperature and mean annual precipitation (i.e., snow and rain). The climatological variables are interpolated to the fine grid topography of the ISM using constant lapse-rate corrections (for the temperature) and an exponential law (for the precipitation). The first two of these data sets are used to compute ablation at the ice sheet surface, and the last two to compute accumulation. Therefore, the feedback of the ice on the GCM-simulated climate is not taken into account but the lapse-rate corrections still capture much of the interactions. GEOCLIM provides time evolution of atmospheric CO 2 and climate during the Middle Late Jurassic Transition. These scenarios are then used to force the GRISLI model ( Figure 2 ).
Forcing the Carbonate Factory to Decline
[7] The simulations performed in this study require imposing a perturbation of the oceanic inorganic carbon cycle through a change in carbonate deposition rates. In GEOCLIM, seawater carbonate speciation is explicitly resolved in every oceanic reservoir at each time step from the budget equations for DIC and alkalinity. This includes the calculation of the H 2 CO 3 , HCO 3 − , and CO 3 2− concentrations in each oceanic reservoir over the course of the simulation. In the previously published version of GEOCLIM, carbonate production occurs through (1) shallow carbonate platforms and (2) ]: a value of 1.7 is commonly assumed [Caldeira and Rampino, 1993] . Planktonic carbonate production is dependent on the primary productivity (linked to the phosphorus upwelling flux) and on the saturation state of the water through a relationship calculating the PIC/POC ratio [Gehlen et al., 2007] .
[8] In summary, carbonate production is a function of the saturation state of seawater and of the primary organic productivity. The temperature dependency appears in the term Ks. These formulations may seem overly simple but, to our knowledge, no more complex formulations currently exist even in present-day modeling studies of the carbonate production [Orr et al., 2005] . In addition, using the PaleoReef database, Kiessling [2001] showed that the link between the paleoclimatic evolution of the Earth and the latitudinal extension of carbonate reefs was not statistically significant. Neither the width of the tropical reef zone nor the total latitudinal range of reefs is correlated with published estimates of paleotemperature. As a consequence, we restrict ourselves in this paper to the study of the effect of carbonate production decrease on the carbon cycle and on climate in terms of feedbacks. Nevertheless, possible (including climatic) causes of the carbonate production decrease at the MLJT will be tentatively discussed in section 4.
[9] In order to quantify the consequences of the decline of shallow carbonate platform growth occurring at the LMJT on the carbon cycle and on climate, the GEOCLIM model has been modified to divide the original epicontinental reservoir where shallow carbonate platforms are assumed to occur into two different epicontinental seawater reservoirs: one for the tropical latitude (below 30°lat), and one for the subtropical latitudes. Indeed, as defined by Dromart et al. [2003a] , three stages have been distinguished in global carbonate sedimentation around the MLJT: (1) for the latest Bathonian to Middle Callovian, a withdrawal by drowning of shallow carbonate platforms from subtropical latitudes; (2) for the latest Callovian to Early Oxfordian, a widespread and pronounced decline of the carbonate sedimentation from the tropical latitudes; and (3) during the Middle Oxfordian, a general and abrupt recovery of carbonate platforms to preevent ranges and accumulation rates.
[10] Because we cannot explicitly model the demise of the carbonate platform in GEOCLIM, we have introduced a dimensionless parameter called f down . Two f down parameters are defined: one for the shallow carbonate platforms from subtropical latitudes, and the second for the shallow carbonate platforms from tropical latitudes. f down varies between 1 and 0 (see Figure 1a) . This parameter allows us to force the collapse of the subtropical carbonate platforms slowly and the collapse of the tropical platforms more rapidly (Figures 1a and 1c) . The carbonate burial flux due to the shallow carbonate platform is then expressed as follows:
The index i makes it possible to distinguish subtropical and tropical shallow carbonate platforms. k neritic is a proportionality constant calibrated so that the present-day shallow carbonate deposition reaches 22 10 12 mol/yr under present-day conditions (about 2/3 of the global carbonate accumulation) [Catubig et al., 1998 ]. It is important to note that neritic carbonate deposition is not completely forced. The saturation factor (W-1) n still allows neritic carbonate deposition to respond to changes in the environmental conditions.
Deep Times Uncertainties
[11] Our aim is to force the carbonate production to decrease across the Callovian-Oxfordian boundary, in line with the geological data, and to explore the geochemical and climatic consequences. However, it should be stressed that the uncertainties about the timing and amplitude of this decrease are large. Consequently, we will test (1) the amplitude and (2) the timing of the neritic carbonate crisis to explore the sensitivity of the Jurassic Earth system to the efficiency of the carbonate factory. The last unknown that will be tested is the relative importance of the neritic production in the total carbonate burial flux prior to the perturbation.
[12] 1. Despite a drastic drawdown in the neritic carbonate production (i.e., reefal and wave-agitated environments), it would be unrealistic to assume a complete cessation of the neritic production. Indeed, patches all around the world of fine-grained carbonate accumulations keep up at a slow rate during the global crisis as evidenced by geological data [Dromart et al., 2003a] . We thus assume that shallow carbonate platform production does not decrease below 20% of its precrisis value. A value of 40% is tested below, and an extreme simulation assuming 0% is also performed.
[13] 2. In line with the geological data, the time span between the collapse of the shallow carbonate platforms from tropical latitudes and the general recovery of shallow carbonate platforms is set to one million years ( Figure 1a ). This timing is subject to uncertainty. Therefore, we tested the effect of a shorter time span of 100 kyr, thus ten times faster than in the standard case.
[14] 3. Pelagic carbonate production was definitely active at that time but probably restricted to cratonic settings [Opdyke and Wilkinson, 1988] . Indeed, the oldest carbonate pelagic deposits found in ophiolitic complexes and oceanic sequences are (Kimmeridgian)-Tithonian in age, indicating that ante-Tithonian carbonates were mainly deposited over continental cratons [Boss and Wilkinson, 1991] . Using the compilation of carbonate fluxes published by Dromart et al. [2003a] , we calibrate the model so that about 65% of the total carbonate production occurs as shallow carbonate platforms, and the remaining 35% is supplied by the accumulation of shelfal pelagic carbonate. Because those numbers are subject to uncertainty, we also test the response of the Earth system to cases in which shallow carbonate platforms comprise 85 and 40% of the total carbonate production. The pelagic component is not forced to collapse during the simulation but dynamically responds to changes in the phosphorus supply to the ocean by continental weathering (itself responding to climate change) and to the saturation state of seawater.
[15] For the purpose of discussion, we define a control simulation in which 20% of the shallow carbonate platforms is maintained during the crisis, 65% of the present-day carbonate production occurs on the shallow carbonate platforms prior to the perturbation, and the duration of the crisis lasts one million years.
Results
General Case
[16] Salient results of the control simulation are shown in Figure 1 . The following analysis holds for all scenarios. First, the disappearance of the midlatitude platforms has almost no effect on atmospheric CO 2 (Figures 1a-1c) . This response is due to an increase in the carbonate burial flux on the lowlatitude platforms owing to the general increase in the saturation state of the ocean (W) (Figure 1c) . Indeed, the observed shutdown of the subtropical platforms drives an imbalance between the weathering fluxes of continental carbonate and silicate and the burial flux of calcium carbonate in sediments, which in turn, leads to an increase in the seawater alkalinity because of Ca 2+ accumulation. The pH of seawater increases, promoting the rise in the CO 3 2− concentration. On a timescale of 10 4 years, this perturbation is mixed through all basins and leads to an increase in the global saturation state, explaining the increase in burial flux of the tropical platforms that counteracts the rise in alkalinity. Geological support for this scenario comes from stratigraphic data that shows a general encroachment of carbonate platforms onto the low-latitude African-Arabian continent coincident with the decline of the subtropical platforms [Dromart et al., 2003a] . Importantly, the volume-based calculation of carbonate accumulation rates reveals that subtropical decrease of carbonate fluxes is very similar to the increase recorded at lower latitudes [Dromart et al., 2003a] . In a second step, the subsequent shut down of low-latitude platforms has a dramatic effect on seawater chemistry, which in turn, produces an ample decrease in atmospheric CO 2 level in all simulations (Figure 1b) . In response to the disappearance of low-latitude carbonate platforms, the atmospheric CO 2 concentration drops from 700 ppmv to 280 ppmv (parts per million by volume). This is because weathering input is only balanced by the shelfal pelagic carbonate burial flux linked to the calcareous nanoplankton producers (Figure 1e ). These producers are primarily dependent on the phosphate flux coming from continental weathering [Guidry and Mackenzie, 2000] . Owing to the climatic cooling, phosphorus delivery from the continents decreases inhibiting any increase in pelagic carbonate production. The shutdown of the shallow carbonate platform factory (mainly shallow carbonate platform but also pelagic production) thus leads to an unbalanced increase in calcium concentration. Alkalinity rises readily, increasing the pH of seawater and pushing the carbonate speciation toward the production of CO 3 2− (Figure 1d ). The coeval decrease in H 2 CO 3 promotes the massive dissolution of atmospheric CO 2 into seawater. The fast and continuous drop in CO 2 slows down once the saturation state reaches values greater than 20. Above this value of 20, inorganic physicochemical precipitation occurs in the model [Morse and He, 1993] , partly buffering the CO 2 decrease (Figure 1e ). One example of abiotic carbonate deposits during the MLJT is the Upper Jurassic fine-grained limestones in the Western Subalpine Basin [cf. Dromart, 1989] . In this basin, fine-grained limestones of the upper Lower Oxfordian (i.e., Cordatum Zone) are mostly composed of nonskeletal, very fine and well-formed micritic crystals of high-magnesium calcite. The crystals are typically clustered in structureless, rounded, peloidal grains. Such peloidal, or clotted, microfabrics are interpreted to have been microbially originated from supersaturated waters because of their striking microtextural analogy to carbonate deposits of modern highly alkaline environment [e.g., Kazmierczak et al., 1996] . Supporting evidence also comes from the documentation of distal, "deep" waters carbonate stromatolite beds and mud mounds in the Lower Oxfordian of the western Tethys [e.g., Dromart, 1989] .
[17] As neritic production is allowed to restart (restoring of the F down factor), a short-term warming event is predicted by the model. This occurs because of the highly oversaturated ocean resulting from the brief decrease in the neritic car-bonate production and promoting excess carbonate precipitation relatively to weathering inputs.
Sensitivity Tests
[18] Inherent to any Earth system models applied to deep times, our results are subject to our poor quantitative knowledge of the past environment. In particular, we identify three main parameters for further evaluation: (1) the shallow platform/global carbonate production ratio, (2) the duration of the crisis of the shallow carbonate platforms, and (3) the efficiency of the carbonate production of isolated scattered platforms which survived while the global crisis occurred (Figure 2) .
[19] The most important result is that in all sensitivity experiments the model predicts a large drop in atmospheric CO 2 . CO 2 falls from 700 ppmv down to values ranging from less than 200 ppmv to 350 ppmv. This CO 2 drop promotes a global mean temperature decrease of 9.3 and 4.5°C. Increasing the percentage of neritic carbonate production induces a larger decrease of atmospheric CO 2 although the minimum remains in a narrow range between 300 and 220 ppmv (see black, red and green lines in Figure 2 ). The duration of the carbonate platform crisis modifies the duration and the amplitude of the cool climatic phase, as well as the survival rate of the platform producers during the crisis. But even in the less favorable case (neritic production accounting for only 40% of the total carbonate burial, survival of 40% of the preperturbation neritic production during the crisis, and a fast decline), the impact on the global climate is large. Indeed, the model still predicts a drawdown of atmospheric CO 2 to 350 ppmv, which is half the preperturbation CO 2 level (corresponding to a global cooling of 4.5°C). Although 100 kyr is unrealistically short for the Callovian-Oxfordian event, this test illustrates the extreme sensitivity of the Earth system to very short-term collapse of the neritic carbonate production during the ante-Tithonian times. The amplitude of the postcrisis global warming is sensitive to duration of the neritic carbonate crisis. It tends to be low when the crisis is fast because the maximum saturation state with respect to carbonate reached by the seawater during the crisis increases with the duration of the crisis itself. Indeed, when the crisis is assumed to be short (100 kyr), the saturation state of the ocean never reaches the threshold required for abiotic precipitation to start.
[20] Despite the uncertainties related to the reconstruction of the carbonate accumulation flux, we conclude that the carbonate crisis at the MLJT should have had a profound impact on the carbon cycle and climate independent of the scenario adopted.
Comparisons With Data
[21] Our results provide an explanation for triggering a cool event in a globally warm climate. To evaluate how atmospheric CO 2 change affected surface temperature, we focus on the Tethyan area because the geochemical data sets are biostratigraphically well calibrated, continuous, and ever statistically tested [Dera et al., 2011] . Standard model simulations reproduce a 4°C cooling (Figure 3 ) from the Middle Callovian to the Callovian-Oxfordian boundary (range of 3-5°C for the whole set of runs), which is consistent with the 4 to 6°C drop recorded by bivalve and belemnite d
18
O records from France, England, and Scotland [Anderson et al., 1994; Brigaud et al., 2009; Nunn and Price, 2010] . These estimates are calculated using a constant seawater d O data from Poland suggest a smaller but significant decrease of about 2°C [Wierzbowski et al., 2009] .
[22] The return of carbonate platforms induces a 6°C warming in our model (range of 5-7°C for the whole set of runs) (not shown). Though a warming trend has been identified during the Early to Middle Oxfordian in the NW Tethyan [Brigaud et al., 2008; Nunn and Price, 2010] and sub-Arctic seas [Price and Rogov, 2009] , the amplitude varies from 3 to 8°C depending on the locations and the materials used to measure the d 18 O, making it difficult to directly compare our model with data.
[23] Using the modeled temperature and precipitation and imposing modeled CO 2 changes, we run an offline ice sheet model in order to quantify the extent of the glaciations generated by our scenario (Figure 4 ). Once CO 2 goes down to [Dromart et al., 1996; Föllmi et al., 1994 Föllmi et al., , 2006 Lachkar et al., 2009; Morettini et al., 2002; Quesada et al., 2005; Rousseau et al., 2005; Ruiz-Ortiz et al., 2004; van Buchem et al., 2002; Weissert et al., 1998 ]. Note that the proposed reconstructions of the carbonate crisis are tentative and clearly not definitive. The occurrence of oceanic anoxic events (OAE) has been reported for all periods [Dromart et al., 2003a; Erba et al., 2004; Jenkyns, 1988; Quesada et al., 2005] . 400 ppmv, small ice caps form on the highest elevations of the Siberia craton, and on the North China craton and spreads to lowlands when lower CO 2 occur (below 300 ppmv). There is no continental ice formation in the Southern Hemisphere in our model. We also translate the simulated ice volume into sea level changes. On the basis of our sensitivity runs, we predict a sea level drop ranging from 14 to 62 m (Figure 2b ). Our predicted range of sea level drop is in agreement with estimates of several tens of meters inferred from depositional facies analysis in Iberian Peninsula [Dromart et al., 2003b] . In details, Dromart et al. [2003b] have reviewed a variety of sedimentological evidence that may indicate a sea level drop around the MLJT (i.e., basin fans in deep waters, bypass and ravinement on shelves); however, no direct evidence for continental ice has been found for this time period.
Discussion
[24] Shallow-water biotic communities respond closely to environmental changes, and several factors can induce carbonate platform demise. These communities are sensitive to changes in sea level, detrital influx rates and nutrient levels, wave and current energy, water temperature, storm events, and various tectonic processes, among others [Föllmi et al., 1994] . The origin of the platform demise of the CallovianOxfordian period remains unclear. Here we speculate on some scenarios.
[25] The climatic deterioration initiated in our model by the carbonate production crisis in low-latitude regions may exert a feedback on carbonate production: cooler conditions may further promote neritic carbonate decline by shrinking the latitudinal extension of carbonate platforms. Such a process would introduce a positive feedback loop that is only interrupted by the onset of abiotic carbonate deposition, which removes alkalinity from the ocean and counteracts the massive atmospheric CO 2 dissolution in seawater. In our model, the onset of abiotic carbonate production causes carbon to degas from the ocean into the atmosphere as alkalinity decreases again. Hence, temperature rises before the crisis ends, possibly allowing neritic producers to settle again, further helped by the high saturation index of the seawater. The link between the available neritic area and the sea level may also be a candidate. Similarly, an initial sea level decrease may reduce the space for shallow carbonate platforms and induce a decrease of carbonate production, which in turn, should cool the climate and further decrease the sea level. There is therefore the potential in such a system for generating short-lived ice ages from only a small initial perturbation. Nevertheless, at least in our model, ice sheets appear after the demise of the tropical shallow carbonate platforms rendering such a positive feedback inefficient. It should still be recognized that this feedback loop might be efficient if the CO 2 threshold below which ice sheets begin to form was higher. This threshold remains model-dependent and may change from one continental configuration to another. The initiation of ice sheets is also very sensitive to topography, continental geometry, orbital parameters, and other factors [Horton et al., 2010] .
[26] Independent of the initial trigger of the carbonate production crisis, we show that this demise will result in an additional cooling and in a limited ice sheet build up. The quantification holds against the uncertainties inherent to our model and the sea level drawdown is in agreement with data. Carbonate platform drawdown may explain other cooling episodes recorded during the Mesozoic [Föllmi et al., 2006; van Buchem et al., 2002; Weissert et al., 1998 ]. Figure 5 presents available records of geochemical temperature proxies for three additional periods that recorded short-term cooling events and the occurrence of shallow carbonate platform crises. Additional data are still needed to accurately constrain the timing of these cooling events, especially for the Barremian-Aptian period, and very few information are available on the behavior of tropical shallow carbonate platforms during the Berriasian-Valanginian. However, according to the data currently available, all these episodes seem to be preceded by the drowning or exposure of subtropical shallow carbonate platforms, and by the beginning of tropical shallow carbonate platforms demise. Low-latitude carbonate platform crises seem to occur slightly before or during the cooling trend as it happens in our scenario (Figure 1) .
[27] Other processes may have contributed to the occurrence of these cooling events [Weissert and Erba, 2004] , like extensive organic carbon burial during oceanic anoxic events (OAEs) that is not considered in our model. More modeling studies are required to decipher the respective roles of the carbonate platforms demise and of the onset of OAEs on climate. We hope to improve our understanding of these issues in the near future using a new version of GEOCLIM called GEOCLIM reloaded that will integrate processes linked to ocean anoxia and organic carbon storage in sediments [Arndt et al., 2011] .
Conclusions
[28] Our model results provide a geologically based explanation for the severe cooling observed during the MLJT, and highlight the complex control of carbonate accumulation pattern on a Myr timescale. Our model results do provide a quantified mechanism to explain these cool events, shedding light on the high sensitivity of the Earth system to perturbations in carbonate system deposition. With the implementation of an ice sheet model, we also provide ranges of sea level fall induced by the decrease in atmospheric CO 2 in agreement with the magnitude of sea level change inferred from sedimentological data. As a concluding remark, it is interesting to note that such cool episodes on the Myr timescale disappear after the Cretaceous which may be a consequence of the development of an extended and responsive deep-sea carbonate sinks [Ridgwell et al., 2003] .
